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ABSTRACT: The implementation of strong metal–support interactions (SMSI) is an effective design strategy that can be used to control 

reaction selectivity. In this study, we present evidence for the existence of SMSI between Nb2O5 and Pd, which results in the formation 

of an atomic thick layer of NbOx that coats the surface of Pd nanoparticles. The NbOx layer was found to profoundly affect the catalytic 

hydrodehydroxylation of 5-(hydroxymethyl)furfural (HMF) to 5-methylfurfural (MF). Under optimal reaction conditions, it significantly 

increases MF selectivity (from 6.4% to 81.0%) compared to an analogous control sample at iso-conversion. Through probing these two 

materials, the origin of this enhancement was attributed to the blocking of active sites responsible for the (undesirable) hydrogenation 

of C=O moieties. Importantly, however, the NbOx overlayer did not appear to influence the ability of the material to activate H2 and 

preferentially dissociate C–OH on Nb2O5, which are key steps in the hydrodehydroxylation mechanism. 

KEYWORDS:  selective hydrogenolysis, strong metal–support interaction (SMSI), metal encapsulation, Nb2O5 catalysts, biomass 

conversion 

1. Introduction 

It has long been recognized that the structure and morphology of supported heterogeneous catalysts can have a profound effect 

on their physicochemical properties and thus, their performance as catalysts [1-4]. Through material design, researchers have 

developed several methods of fabricating strong metal-support interaction (SMSI) effects, which can drastically influence their catalytic 

properties. The benefit of these interactions should not be understated, as they can dramatically promote the activity [5], selectivity [6], 

and stability [7] of supported metal catalysts. The SMSI present in supported metal catalysts is dependent on several interactions 

between the metal and support. In many cases, these interactions can lead to the whole (or partial) encapsulation of the supported 

active metal component by the support material. This effect was initially demonstrated by Tauster et al. [8], who observed that structural 

changes could be instigated through the high-temperature reduction of TiO2-supported noble metals [9,10]. Since this seminal work, 

further research has concluded that these effects can be observed with an extensive range of metals and supports and that the 

encapsulation of supported metal particles can be achieved in several ways i.e. thermal or chemical reduction [11-13], thermal oxidation 



 

[14], adsorbate-mediation [15], photo exposure [16], and many others [17-19]. Qiao and his co-worker’s contributions to the field have 

been particularly important, having developed a deep understanding of how SMSI influences the performance of various supported 

metal species on CeO2 and TiO2 supports [20,21]. Other research in this field has confirmed that these overlayers can influence the 

electronic properties of the supported metal component, thus, influencing how they interact with chemical substrates [22-24]. Xu et al. 

demonstrated this neatly with Ni-TiO2 materials, that were prepared from a NiTi-layered double hydroxide precursor. The authors 

demonstrated that an increased electron density at interfacial Ni sites correlated with increased TiOx coverage, which promoted their 

performance in the water gas shift reaction [25].  

The utilization of biomass presents an extremely challenging area of research, which is typically attributed to the intricate and 

diverse nature of the various feedstocks involved. Most of them possess a large proportion of oxygen which, from a valorization 

perspective, can be advantageous [26]. 5-(hydroxymethyl)furfural (HMF), a central platform chemical, has received immense attention 

due to its versatility in yielding a diverse array of value-added chemicals and liquid fuels [27-42]. HMF possesses three distinct functional 

moieties (hydroxyl, carbonyl/aldehyde, and furan ring), enabling diverse catalytic conversion reactions into various bio-derived products. 

State-of-the-art works are exemplified by selective deoxygenation to 2,5-dimethylfuran (DMF) [39] and 5-methylfurfural (5-MF) [34], 

hydrogenation to 2,5-bis(hydroxymethyl)furan (BHMF) [28] and 2,5-bis(hydroxymethyl)tetrahydrofuran (BHTMF) [28,40], and oxidation 

into 5-di(formyl)furan [41], 2,5-furandicarboxylic acid [42]. 5-methylfurfural (MF) is a high-value chemical intermediate [35,,42], which 

can be served as a food additive that provides flavor and aroma to various food products [27]. Additionally, MF serves as an intermediate 

in the production of agrochemicals and a precursor in the synthesis of specific natural anti-cancer products [43-46]. The broad range 

of applications underscores the selective conversion of HMF to MF is of critical importance. However, from a catalyst design perspective, 

it can complicate things, making reaction selectivity more difficult to control. This is particularly problematic with transformations that 

require selective hydrogenation because multiple reducible functional groups are typically present.  

To date, our research group has successfully developed isolated Pt1/Nb2O5 single-atom catalysts for highly efficient selective 

hydrogenolysis of HMF, with a >99% yield of MF [47]. However, precise and controllable synthesis for single-atom catalysts poses a 

significant challenge. Additionally, the presence of nanoparticles, resulting from the aggregation of single metal atoms during the 

reaction or catalyst preparation process, can adversely affect the catalytic performance. Recently, Ahmad et al. have developed an N-

functionalized graphene-supported Mn nanoparticulate catalyst, through a high-temperature quenching process at 900°C, which 

demonstrated an outstanding 5-MF selectivity with complete conversion of HMF [48]. Chen et al. have developed an Au/TiO2 catalyst 

with a diameter of 20 nm for selective hydrogenolysis of HMF, but the catalyst faces challenges in higher temperature reaction 

conditions of 230 °C for MF production [49]. Therefore, developing heterogeneous catalysts with metal nanoparticles for efficient 

selective hydrogenolysis of HMF to MF is an appealing area of research. In this regard, supported metal catalysts featuring strong 

metal-support interactions (SMSI) could be beneficial. Previous studies have shown that Nb2O5 materials are effective at activating and 

breaking C-O bonds in biomass derivatives [50]. While SMSI effects have been observed in Nb2O5-based heterogeneous catalysts with 

improved performance [51-57], the direct visual evidence of these effects originating from SMSI remains unclear. Given that the desired 

transformation involves selective hydrogenolysis of the C-O bond while preserving the C=O bond and furan ring, this reaction serves 

as an excellent model to investigate the SMSI effects of Nb2O5-supported catalysts [34]. The occurrence of the classical SMSI effect 

is highly dependent on the treatment temperature in a reducing atmosphere, and high-temperature oxidation treatment can restore the 

catalyst to its initial state. 



 

Herein, we demonstrate the successful encapsulation of Pd nanoparticles with atomic-layer NbOx by treating Nb2O5-supported Pd 

material with hydrogen. The extent of NbOx coverage was found to be significantly influenced by the thermal reduction conditions 

experienced by the material, leading to a notable impact on the selectivity of HMF hydrodehydroxylation. The optimized catalyst showed 

good performance for the chemoselective hydrodehydroxylation of HMF with 81.0% selectivity for MF (molar percentages). This 

straightforward SMSI approach offers a promising platform for further investigations aimed at fine-tuning selectivity in biomass 

conversion. 

2. Experimental section  

2.1.  Chemicals 

Cetyl-trimethyl-ammonium bromide (CTAB, 99%, Sigma-Aldrich), Niobium(V) oxalate hydrate (99%, Acros), PdCl2 (59% Pd, Acros), 

PtCl4 (>99.0%, Acros), RuCl₃·3H₂O (35-40%Ru, Acros), and RhCl₃·3H₂O (38.5-45.5%Rh, Alfa Aesar). Tetrahydrofuran (AR), 5-

hydroxymethylfurfural (AR), 2,5-dimethylfuran (AR), 5-methylfurfural (AR), 5-methylfurfuryl alcohol (AR), 2,5-bis(hydroxymethyl)furan  

(AR), 2,5-bis(hydroxymethyl)tetrahydrofuran (AR), NaBH4 (AR), and dodecane (AR) were purchased from Acros, J&K, and Sinopharm 

Chemical Reagent Co. Ltd. H2 (>99.99%), Ar (>99.99%), H2/Ar (10%), and CO (>99.99%) were supplied by Beijing Analytical Instrument 

Company. Ultrapure water was used in the experiments. All chemicals were used without further purification. 

2.2. Catalyst preparation   

Niobium oxide was prepared according to the previous hydrothermal sol-gel method [47]. In a typical synthetic process of Pd/Nb2O5, 

200 mg of Nb2O5 powder was dispersed in 50 mL of deionized water with vigorous stirring. The corresponding amount of H2PdCl4 in 

dilute HCl aqueous solution (6.6 mgPd/ml) was added drop-wise into the suspension liquid under stirring. After stirring for 2 h, the 

appropriate amount of NaBH4 (1:20 gPd/gNaBH4) was added and stirred for 6 h. The solution was filtered and washed with deionized 

water three times (3 × 30 mL) and ethanol twice (3 ×30 mL). Then the recovered solid was dried at 80 °C overnight. The obtained 

catalysts were denoted as Pd/Nb2O5. Pd/Nb2O5-TH (T=300,400,500,550,600°C) was obtained by reducing Pd/Nb2O5 at various 

temperatures for 4 hours in a 10% H2/Ar atmosphere. Pd/Nb2O5-500H catalyst was re-oxidized by calcination at 300 °C for 1 h in air, 

denoted as Pd/Nb2O5-500H-300O. Nb2O5-supported Ru, Rh, and Pt catalysts were synthesized using the above method, except the 

metal precursor is different. 

2.3． Hydrodehydroxylation reaction.  

In a typical run, the 5-hydroxymethylfurfural (12.6 mg), catalyst (10.0 mg), dodecane (15.1 mg), and tetrahydrofuran (2ml ) were 

loaded into a hydrogenation kettle with a magnetic rotor. The hydrogenation kettle employed in this system is a high-temperature and 

high-pressure tolerant vessel with a capacity of approximately 16 ml. The reactor was filled with 1.0 MPa high purity H2 (> 99.99 %, 

Beijing Analytical Instrument Company) to replace the residual air in the reactor, evacuated three times, and then rushed into a given 

hydrogen pressure value (1.0/2.0/3.0/4.0 MPa) and sealed. After that, the reactor was heated to the specified temperature (160 °C) 

while maintaining a stirring speed of 600 rpm. After reaching the set reaction time, the reactor was taken out, put in an ice bath, and 

cooled to room temperature. Then the reaction gas was released, and the reaction liquid and the catalyst solid-liquid two-phase were 

separated. The quantitative analysis of the liquid products was conducted using a GC (Agilent 7890B) equipped with a flame ionization 



 

detector (FID) and an Innowax capillary column (0.25 mm in diameter, 30 m in length). Identification of the products and reactant was 

done using a GC–MS (Agilent 7890B 5977 B, Innowax capillary column (0.25 mm in diameter, 30 m in length) as well as by comparing 

the retention time with dodecane as the internal standard in GC tests. To calculate the conversion of HMF and the selectivity of MF, an 

internal standard method based on GC data was employed. The initial molar amount of HMF is denoted as n0, the molar amount after 

the reaction is represented as n1, and the resulting product MF's molar amount is indicated as n2. Other products are calculated in the 

same way as MF. The conversion and selectivity formulas are as follows: 

Conversion (%):=
(n0  − n1) 

(n0 )
× 100% (1) 

MF Selectivity (%):=
(n2)

(n0  − n1)
× 100% (2) 

2.4. Characterizations.  

Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (AC-HAADF-STEM), and electron 

energy loss spectroscopy (EELS) were obtained on JEM-ARM300F operated at 300 kV equipped with a Gatan OneView fast imaging 

camera and Quantum Dual EELS imaging system. The chemical compositions of the covering layer of Pd NPs were characterized by 

directly putting an electron beam on the boundary of Pd NPs in a STEM mode. Before measurements, the samples were ultrasonically 

dispersed in ethanol, and then a drop of the solution was put onto the carbon film supported by a copper grid. High-resolution 

transmission electron microscopy (HRTEM) images and scanning transmission electron microscopy (STEM) mappings were obtained 

using a JEOL-2100F electron microscope operated at 120 kV. Field emission transmission electron microscope JEM-F200 was 

operated at 200 kV. The CO-probe Fourier transforms infrared spectroscopy (CO-FTIRS) was performed in FOLI10-R-T infrared 

spectrometer equipped with a DLaTGS detector, made by INSA Co. Ltd. The CO-FTIRS experiments were operated with a transmission 

mode at a resolution of 4 cm–1 and scanned at speed of one spectrum per minute. Before CO adsorption, all catalysts were treated in 

10% H2/Ar at 200 °C for 30 min. After cooling to room temperature, the background spectrum was recorded. And then pure CO was 

introduced into the in-situ reaction cell, and the spectra were collected continuously until unchanged. Subsequently, pure Ar was 

introduced to remove the gas phase CO until gaseous CO completely disappeared, and the spectra were recorded during the process. 

In situ, FT-IR spectra were conducted in an FOLI10-R-T infrared spectrometer equipped with a DLaTGS detector. Ultralow-temperature 

CO-Fourier transforms infrared spectroscopy (LT-CO-FTIR) was conducted at -150 °C in a CO pulse supply from 10-5 bar on the in-

situ transient platform CRCP-7070 in Tianjin Xianquan company. X-ray photoelectron spectroscopy (XPS) was conducted on an X-ray 

photoelectron spectrometer (USA, Thermo Fischer, ESCALAB 250Xi) equipped with Al Kα excitation source (1486.8 eV), using C1s 

(284.8 eV) as the standard. The actual Pd loadings of all catalysts were determined by an inductively coupled plasma optical emission 

spectrometer (ICP-OES). X-ray diffraction (XRD): Powder XRD was performed at a Smart Lab X-ray diffractometer using Cu-Kα 

radiation (λ = 0.15432 nm), operating at 40 kV and 40 mA. Hydrogen temperature programmed reduction (H2-TPR), hydrogen 

temperature programmed desorption (H2-TPD), and metal dispersion were characterized on Auto Chem HP 2950 (USA, Micromeritics 

Instrument Corporation). Electron paramagnetic resonance (EPR) was characterized by Bruker A300-10/12. N2 adsorption/desorption 

isotherms were tested on Micro 2020HD88(ASAP 2460). 

2.5． Calculations.  



 

All density functional theory (DFT) calculations were performed with the VASP code [58], using the Perdew-Burke-

Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) [59]. The core-valence electron interaction 

was represented by the project-augmented wave (PAW) method [60]. The valence electrons were expanded in a plane-wave 

basis set with a cutoff energy of 450eV. The Broyden method was employed for geometry optimization until the maximal force 

on each relaxed atom was less than 0.05 eV/Å. Both Pd(111) and Nb2O5(001) surfaces were modeled by a four-layer slab 

model with a vacuum of 15 Å, which corresponds to a k-points mesh of 2×2×1, respectively. The constrained minimization 

method was used to search the transition states (TSs) [61]. 

3. Results and discussion 

3.1. Structural characterizations 

 

Fig. 1. Illustrative representation of the preparation process to produce the series of Nb2O5-supported Pd catalysts used in this study. 

To begin our investigation, Nb2O5 was prepared using a hydrothermal sol-gel method [47], using cetyl-trimethyl-ammonium 

bromide as the surfactant (Methods and Fig. S1). Aliquots of the resultant Nb2O5 were subsequently used as a support for the synthesis 

of Pd/Nb2O5 material. It was prepared through the impregnation of H2PdCl4 precursor, followed by a chemical reduction with NaBH4 

(Table S1). The Pd/Nb2O5 material was subsequently annealed at 500°C in flowing 10%H2/Ar, denoted as Pd/Nb2O5-500H, as 

presented in Fig.1. Pd/Nb2O5 and Pd/Nb2O5-500H were examined by high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) and energy dispersive spectroscopy (EDS). As shown in Fig. 2a-e, there was no evidence of Nb observed 

in the overlapping region of Pd in Pd/Nb2O5 catalyst. A trace amount of O however was observed in this region, which we attribute to 

surface Pd oxidation. On the contrary, both Nb and O were observed in a similar region to Pd after exposing this material to a reductive 

thermal treatment (Pd/Nb2O5-500H). This suggests that this treatment results in the growth of an NbOx layer over the Pd NPs (Fig. 2f-

j). To confirm that the overlayer was induced from SMSI, an aliquot of this material was subjected to an additional thermal oxidation 

treatment. Following its reduction at 500 ⁰C, it was subsequently heated to 300 ⁰C under air, denoted as Pd/Nb2O5-500H-300O. As 

shown in Fig. 2k-o, there was no evidence to suggest that Nb was still present on the surface of the Pd. This reversible behavior of 

overlayers via reduction-oxidation treatment is characteristic of classic SMSI [62]. We attribute the large remaining proportion of O 

present in this material to the formation of PdO during the subsequent calcination procedure, which was confirmed by X-ray diffraction 

(XRD) (Fig. S2).  

To obtain a deeper understanding of the NbOx overlayer, the Pd/Nb2O5, and Pd/Nb2O5-500H materials were subsequently probed 

by atomic-resolution microscopy and electron energy loss spectroscopy (EELS), and CO-probe Fourier transform infrared spectroscopy 

(CO-FTIRS). Three regions in the vicinity of the Pd NPs were selected and examined by atomic-scale Nb EELS and are representative



 

 

Fig. 2. HAADF-STEM images and EDS mappings of Pd, O, and Nb elements on Pd/Nb2O5 (a-e), Pd/Nb2O5-500H (f-j), and Pd/Nb2O5-500H-300O (k-o).   

 
Fig. 3. AC-HAADF-STEM images, EELS spectra, and CO-FTIRS spectra of Pd/Nb2O5 (a-c), and Pd/Nb2O5-500H (d-f) at room temperature. 

 



 

 

 

Fig. 4. Atomic-resolution TEM images of Pd/Nb2O5 (a), and Pd/Nb2O5-500H (b). 

of (I) the exterior of the particle, (II) the periphery of the particle, and (III) a region away from the Pd particle. As demonstrated by Fig.3a-

3b, no characteristic Nb EELS signal was observed in any of the explored regions in the Pd/Nb2O5 material. In contrast, an obvious Nb 

signal was observed in the Pd/Nb2O5-500H material at the exterior surface of the Pd NPs (I). Furthermore, a smaller, yet visible, Nb 

signal was observed on the periphery of the Pd particle (II) (Fig. 3d-3e). The diameter of the NbOx overlayer was subsequently 

measured and determined to be ca. 0.28 nm (Fig. 4), which is close to the lattice fringe spacing of the Nb2O5 (101) facet (0.25 nm, Fig. 

S3-S6). There was however some evidence of bilayered NbOx at areas close to the metal-support interface. Additional evidence of 

SMSI in these materials was acquired from room-temperature CO-FTIR experiments. Over the Pd/Nb2O5 material, bands at ~2080cm−1 

and 1800-1990 cm−1 could be assigned to linear and bridged CO adsorption on Pd NPs, respectively (Fig. 3c) [63-67]. However, for 

the Pd/Nb2O5-500H, almost no CO adsorption was observed after argon was introduced to remove any gaseous CO (2173 cm-1 and 

2116 cm-1) [65]. This suggests that CO adsorption onto Pd sites was suppressed by the ultrathin NbOx overlayer (Fig. 3f).  

As previously discussed, SMSI has the potential to modify not only the morphology of supported metal particles but also their 

properties [68]. For this reason, the series of Nb2O5-supported Pd materials were probed by electron paramagnetic resonance (EPR) 

and X-ray photoelectron spectroscopy (XPS). When compared with the other two catalysts, it was clear that the Pd/Nb2O5-500H material 

possessed a significantly higher proportion of oxygen vacancies (Ov), reaching up to 1.631014 spins/g (Fig. 6c). The Pd/Nb2O5-500H 

material exhibited a large peak at a binding energy of 335.0 eV, which is characteristic of metallic Pd0 NPs, as well as a minor peak at 

335.8 eV, indicative of polarised (positively charged) Pdδ+ species [69,70]. The Pd/Nb2O5 catalysts showed 82.5% Pd0 and 17.5% Pdδ+ 

over the surface, while an increased ratio of Pdδ+ species (29.9%) was observed in Pd/Nb2O5-500H due to the existence of SMSI effects 

in Fig. 6d and Table S2. The presence of Pd0 nanoparticles inevitably led to the hydrogenation of both the C=O group and the furan 

ring. This observation aligns well with the catalytic performance of HMF conversion, where Pd/Nb2O5-500H demonstrated an enhanced 

yield of MF. In contrast, the Pd/Nb2O5-500H-300O material exhibited a large peak at a binding energy of 336.8 eV, which is characteristic 



 

 

 
Fig. 5. Chemoselective hydrogenolysis of HMF to MF over Nb2O5-based catalysts. Reaction condition: substrate (12.6 mg), catalyst (10.0 mg), THF (2.0ml), 

dodecane (15.1mg), H2 (4.0 MPa), 160 °C, 4 h. *Ru/Nb2O5-500H (5.0 mg): substrate (12.6 mg), THF (2.0ml), dodecane (15.1mg), H2 (4.0 MPa), 160 °C, 4 h. 

 

of PdO.These findings are consistent with the XRD patterns observed for each material, where the Pd/Nb2O5 and Pd/Nb2O5-500H 

materials display diffraction peaks characterizing Pd (111) while the Pd/Nb2O5-500H-300O exhibits characteristic diffraction peaks of 

PdO (101) (Fig. S2). 

3.2.  Catalytic performances 

Following the characterization of these materials, they were subsequently assessed as catalysts for the hydrodehydroxylation of 

HMF to MF (Fig. 5a) in the presence of H2. The results from these experiments are presented in Fig. 5b. The Pd/Nb2O5 catalyst exhibited 

an exceptionally poor MF selectivity, reaching only ~ 6% at an HMF conversion of 83.0%. By comparison, the Pd/Nb2O5-500H catalyst 

exhibited an MF selectivity of 71.0% at 93.0% HMF conversion. The significant enhancement in MF selectivity (over 11 times higher) 

hydrodehydroxylation of HMF to MF (Fig. 5a) in the presence of H2. The Pd/Nb2O5 catalyst exhibited an exceptionally poor MF 

highlighting how influential the NbOx overlayer is on the observed catalysis. This was further evidenced by the performance of the 

analogous calcined catalyst (Pd/Nb2O5-500H-300O) which exhibited an MF selectivity of 6.5% at an HMF conversion of 90.0 %. We 

attribute this notable drop in MF selectivity (after the calcination process) to the disappearance of the NbOx overlayer (Fig. 2k-o).  

After observing the favorable performance of Pd/Nb2O5-500H, we conducted investigations to determine the optimal reaction 

conditions by varying metal loading, substrate loading, solvent, temperature, and pressure (Fig. S7 and Table S3). Additional ly, we 

assessed the stability of the Pd/Nb2O5-500H catalyst, as shown in Fig. S8. The cycle experiments demonstrated consistent selectivity 

over five cycles, although the conversion rate gradually decreased. However, the catalytic performance can be recovered by treatment 

the spent catalyst at Pd/Nb2O5-500H under H2/Ar atmosphere (Fig. S9). Interestingly, we found that the Pd/Nb2O5-500H catalyst also 

showed good performance for the conversion of HMF in crude HMF-rich biomass hydrolysates and the selectivity of MF could reach 



 

 

60.2%. Furthermore, the conversion of HMF and selectivity for MF remained consistently stable upon subsequent reuse (Fig. S10). 

Characterization of the spent catalysts using AC-HAADF-STEM and EELS revealed that the NbOx overlayer remained intact even after 

the reaction (Fig. S11). 

To evaluate the impact of thermal reduction temperature on NbOx-supported catalysts, aliquots of Pd/Nb2O5 samples were 

subjected to reduction at different temperatures. The resulting set of Pd/Nb2O5-TH materials (TH = 300H, 400H, 500H, 550H, 600H), 

was further characterized (Fig. S12-S17) and used as catalysts for the hydrodehydroxylation of HMF. The results, presented in Fig. 

S17, indicate that the reduction temperature had a significant impact on hydrodehydroxylation selectivity; the Pd/Nb2O5-500H catalyst 

produced the highest yields of MF. On the contrary, thermal reduction of the Pd/Nb2O5 material at 300°C and 400°C produced a material 

that was comparatively poorly selective to hydrodehydroxylation. We propose that was due to the formation of a less defined NbOx 

overlayer which was subsequently evidenced by analogous CO-FTIR experiments, which showed that CO chemisorption to Pd NPs 

was observed in these materials (Fig. S12). Pd/Nb2O5-600H also exhibited lower selectivity for MF than Pd/Nb2O5-500H. XRD analysis 

(Fig. S13) showed that two new peaks were observed at theta = 28.4° and 36.7° on Pd/Nb2O5-600H indicating the phase transition 

from the pseudohexagonal (TT) phase to the orthorhombic (T) phase, aligning with previous findings [31,33]. Additionally, H2-TPD (Fig. 

S15) showed a similar chemisorption amount of hydrogen, indicating that the ultrathin NbOx layer is permeable to hydrogen, but 

inaccessible to CO molecules, as previously reported by Christopher [63-66]. These results are also in agreement with analogous BET 

and CO-pulse chemisorption data (Fig. S14, S16), which shows that the specific surface area of Nb2O5 and the quantity of CO adsorbed 

decreased.  

To assess the generality of this effect, this procedure was repeated with three other supported metals (M/Nb2O5-500H, where M = 

Pt, Ru, and Rh). For consistency, these materials were also well characterized using  H2 -TPR, HAADF-STEM, EELS, CO-FTIR, XPS, 

and EPR (Fig. S18–S22). The behavior of these materials was very different from the thermally reduced supported Pd catalyst. 

Importantly, each of the reduced M/Nb2O5 exhibited both linear and bridged CO chemisorption (Fig. S19) which [64-66], in accordance 

with our findings of the supported Pd catalysts, is indicative of an incomplete NbOx overlayer. Furthermore, the Pd/Nb2O5-500H catalyst 

exhibited the largest proportion of Ov sites, up to 1.631014 spins/g (Fig. S22). These findings were supported by the analogous catalytic 

testing data, whereby MF selectivities of only 45.8%,12.7%, and 29.4% were obtained over the Rh/Nb2O5-500H, Pt/Nb2O5-500H, and 

Ru/Nb2O5-500H, respectively. These experimental results are consistent with the characterization data and imply that the nature of the 

supported metal (and the heat treatments invoked) are instrumental in the formation of SMSI in Nb2O5-supported catalysts.  

Table S4 presents the main by-products, specific selectivity data, and carbon balance over different catalytic systems. According 

to the product distributions, the possible reaction path over Pd/Nb2O5 and Pd/Nb2O5-500H was shown in Fig. S23. No product from the 

furan ring hydrogenation was detected over Pd/Nb2O5-500H catalysts. Furthermore, pyridine-FTIR showed that there are more acidic 

sites on the Pd/Nb2O5 surface compared with Pd/Nb2O5-500H, leading to a lower carbon balance (Fig. S24, Table S4, and Table S5). 

3.3． Mechanistic Investigation  

To further elucidate the excellent hydrodehydroxylation performance of the Pd/Nb2O5-500H catalyst, several additional 

characterization techniques and control experiments were conducted with this series of catalysts. Low-temperature CO-FTIR  



 

 

 

Fig. 6. Computational adsorption and conversion of HMF on (a) Nb2O5 with oxygen vacancy (Ov) and (b) Pd (111). The adsorbed HMF can go through two 
pathways: (1) the CHO hydrogenation (TS1), and (2) the cleavage of the CH2-OH bond (TS2). TS: transition state. (c) Quantitative EPR analysis and (d) XPS 
analysis of Pd/Nb2O5, Pd/Nb2O5-500H, and Pd/Nb2O5-500H-300O catalysts. 

 

Fig. 7. (a) CO poisoning experiments on the catalytic performance of Pd/Nb2O5 and Pd/Nb2O5-500H. Reaction condition: substrate (12.6 mg), catalyst (10.0 mg), 
THF (2.0 mL), dodecane (15.1mg), CO (0.3 MPa), H2 (3.7 MPa), 160 °C, 4 h.  (b) Ultralow-temperature  CO-pulse FTIR spectra at -150 °C.  



 

 

experiments were conducted at -150°C, in a pulsed mode, to assess the state of the Pd component. Fig. 7b shows that with the 

Pd/Nb2O5 catalyst, adsorption peaks assigned to Pd1 species and Pd NPs are observed at 2102 cm-1 and 2083 cm-1, respectively. The 

Pd/Nb2O5-500H catalyst displays CO adsorption on Pd1 sites, while the intensity of the peak assigned to CO bridging on Pd NPs 

becomes weak, further implying that most Pd NPs were encapsulated by NbOx. These results indicate that the Pd/Nb2O5 catalyst has 

three potential catalytic sites: Pd NPs, Pd1 species, and Nb-Ov sites, whereas the Pd/Nb2O5-500H only consists of the latter two. To 

identify the active sites of the catalyst, CO poisoning experiments were performed based on strong CO adsorption on nanoparticles 

and weak adsorption on a single atom [63]. Upon poisoning, the MF selectivity exhibited by the Pd/Nb2O5 catalyst led to a 14-fold 

increase in MF selectivity from 6.4% to 82.0%, while Pd/Nb2O5-500H only showed a slight increase from 71.0% to 81.0%. These results 

suggest that Pd nanoparticles are unlikely to be the active site for MF production. Thus, the primary role of the Pd in these materials is 

to dissociate hydrogen and provide a platform to stabilize defective NbOx sites (Fig. 7a). 

To explore the relationship between reaction selectivity and Nb-Ov sites further, we adopted the use of DFT calculations. The 

results indicate that HMF can adsorb onto Ov sites on Nb2O5 through both the OH or CHO moieties; the affiliated adsorption energies 

were determined to be 2.16 eV and 2.29 eV, respectively. While these two processes possess similar adsorption energies, when HMF 

adsorbs to Ov through its OH group, is more feasible for the CH2-OH bond to cleave; this process only needs to overcome an energy 

barrier of 0.21 eV and is strongly exothermic (-2.06 eV) (Fig. 6a). On the contrary, when HMF is adsorbed through the CHO group, it is 

difficult for it to subsequently undergo hydrogenation; the affiliated energy barrier for this process was calculated to be 0.87 eV. 

Combining the measured value of oxygen vacancy concentration in Fig.6c with the theoretical calculation of the adsorption difference 

of HMF at the Ov site, it is fully proved that oxygen vacancies provide more adsorption sites for the OH groups of HMF in the catalytic 

hydrodeoxygenation reaction. Additionally, it was determined that on Pd(111), HMF can be adsorbed with an adsorption energy of -

1.22 eV; the adsorbed HMF can go through two different pathways: (i) the CHO hydrogenation, and (ii) the cleavage of the CH2-OH 

bond. As shown in Fig. 6b, one can see that the CHO hydrogenation to CHOH on Pd has a very low energy barrier of only 0.14 eV (ΔH 

= -0.60 eV), which is 0.24 eV lower than that of the cleavage of the CH2-OH bond (0.38 eV), meaning that, the C=O group of HMF 

preferentially hydrogenates on Pd NPs, thus leading a poor selectivity to MF production. This result accounts for the low selectivity 

towards MF observed in the Pd/Nb2O5 catalyst (Fig. 5b). 

4. Conclusion 

Several characterization techniques have been used to study SMSI that exist between Pd and Nb2O5 in Pd/Nb2O5 catalysts. These 

effects were found to promote the formation of NbOx overlayers on supported Pd nanoparticles, which was directly observed by electron 

microscopy. The extent of the NbOx coverage was determined to be strongly influenced by the thermal reduction conditions that the 

material was exposed to and was determined to have a significant impact on HMF hydrodehydroxylation selectivity. Mechanistic studies 

confirmed that the NbOx overlayer played an important role in the surface mechanism. They were found to: (i) inhibit substrate binding 

to Pd sites and thus, suppresses undesirable hydrogenation pathways and (ii) promote the formation of oxygen vacancies which 

promote C‒OH dissociation. These results highlight how tailoring SMSI in supported metal catalysts is a highly effective strategy for 

the development of chemoselective heterogeneous catalysts. 
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